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I. NTROBUCTTON
In the course of a series of lartree-lock calculations on leO, a state
7.+ ) .
of 0 symuetyy with an unusual molecular structure was obtained.  7The
nolecular orhital (M0) confignmration of this state is - besides filled shells

. 4n3 ]62. The unusual aspect of

for the atomic cores - 702 Sﬁz 961 ]ﬂol Sn
this state is the fact that the molecular orbitals are almost entirely non-
honding. 'The last occupicd o orbital, 107, is primarily an Je 4s orbital
with a modest amownt of 4p hybridization., The 4s-4p hybrid is directed out of
the bond (away from 0). From examinations of the 'O's, particularly
population unnlysosl, the molecular structure is seen to strenply resenble
that of an ¥e' ion plus an 0 ion. The confipuration of the re' ion is

8

o)
ZdG(SD) 4s*"4p="T; in terms of orbitals with wolecular symmetry it is

2 -
Sdo] 3dw3 (i 3(’152 (zx ) 45'8 4p0'2

The configuration of 0 is Zpoz 22,
The choice of the STO basis set for the analvtic open shell SCFZ’3
calculations is discussed in Sec. JT and the results of the SCF calculations
on the 5% state are presented in Scc. IIY. The computed equilibrium
separation is 3.73 Bohrs. The dissociation energy computed with respect
to the restricted Hartree-Fock energies of the neutral ground state atoms
15 M0% eV

A large nurber of molecular wave functions can be constructed from
the model of Fe' and 07 describad above. This is done by distributing the
Fe' d and 0 P clectrons in different ways among the nearly degencrate
ds, dv, and 45 and pﬁ and pr M0's and by coupling the angular momenta of

the open shells in different ways. Some of the states which could be
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constructed in this way were investipated and four potential curves wlnost
parallel to and very ncar the 7X+ state corve were fowad,  These siates
were investigated by weans of very limited Clocaleulations.  The resnlts of
these calculations were cquivalent to frozen orbital calcalations, TIn this
context, frozen orbital calculations mean calculations in which the SCF MO's
of the /5" 01
other states. The resnlts of thesce calculutions are presented in Sce. 1V,

Some simple argunonts ave given in Sec. V to show that the molecular
correlation energy of the states considered is very close to the correlation
energies of the separated atoms. 1t is concluded, in Scc. VI, that the
curves obtained arc for fairly highly oxcited states of I'eO. 1t is also
concluded that the ground statc of l'eD is not a septet state,
I1. SLATER TYPE BASIS SET

A reasonably large Slater Type (STO) basis set bascd on carefully

optimized atomic hasis scts was used for the calculations reported in this

paper. As is well known3, an STO basis function, ¥, is defined by:
x = Ne M lexp (o )y, (6,16, &)
a N a’’gm- a‘‘a’’ '

where N is a normalization factor, n is rcferred to as the principal
quantum nunber, ¢ is referred to as the basis fimction exponent, end the
coordinates r, ea, and ¢a arc measurcd with respect to center a. The
atomic SCF calculaticns to be discussed helow were all obtained using an

2,3,4 formalism. 1In this context,

open-shell restricted llartree-Fock
restricted llartrce-Fock means that all the orbitals in a shell arce con-

strained to have the same radial parts.
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The starting point for the busis functions centered on Fe was i 8s,
Sp, and 4d SI0 basis sct optinized for the SD state of I'c by Bacus and
Gi]h?rls. This basis set vields a restricted Ilzn'troe~1-'0C.k2"’< encrgy of
-1262.4427 a.u. (or the Sn state of Te, (Clcwont16 using a hasisiéct of
l1s, 6p, and 5d ST0's obtained -1202.4425 w.u., and the cnergy obtained from
numerical integration of the Nartree-Fock integro-differential cquations4’7
is 1202444 a.u,)  This atomic basis set for Fe was supplemented with 2 4p
amd 2 40 S10's for the nolecular FFeO calculations. The two 4p exponents were
chosen to be approximately 100 smaller than the 4s expouents in the atomic
I'e basis sct,  These exponents were added to allow for polarization of the
4s shell of l'e. The two 4f exponents were choscn to sp:n roughly the same
space as the three smaller 3d STO's, These additional exponents were not
optimized,

The starting point for the basis functions centered on 0 was a Ss
and 5p STO basis set optimized for 0 by C]cmontiﬁ. This basis yields an
SCF energy of -74.78948 a.u. for 0 (Zp). we have also calculated an SCF
wave function neutral 0 with the same basis set and obtain an energy of
-74.8065 a.u. for 0 (3p); this should be compared with the energy of
-74,80938 a.u. for 0 (3p) obtained by Bagus and Gilber . by optimizing the
basis set for neutral 0. The nunerical Hartrec-Fock4’7 encrygies for 0 (3p)
and 0" (2p) arc, respectively, -74,80941 a.u. and -74.7897 a.u., Thus this
0 basis set is quite satisfactory for calculations on atomic 0 and 0.
This basis set was supplemented with 3 3d'STO's for the molecular FeO
calculations. The 3d exponents are the same as have been used in several
recent calculutionsS on other metal monoxides (LiO, AR0, MgO and TiO) and

€0, NO, and Q..



The basis set lor the wolecular Ve calcuiations wos forned from the
one center S10's on Fe and 0, described above, by consiracting all possible
basis functions of o, @, and ¢ symnetries. The details of the busis set
are given in Table I. From previous cxperience with diatonic molecolar SCF

. 9 ... Qe . . .

calculations™, it i1s reasonable to cstimate that the SCEF energics ohtained
for e using this basis set will be within 01 @.u. of the Hartree-tock Timit.
1 + “ (o e =) v s 7rw4 SOVA T b 3
111, SCF RESULTS FOR ME - "2 STATE OF 1e0

‘The SCF calculations reported hiere were perfoved using the ALCHENY

. 10 . w1 . .
quantwn chemistry program system™ . The open shell SCE fospilism used is an
?
extension of Roothaan's analytic open shell SCE formalisw™ to systems with
, . .3

more than one opea shell per symmetry. As with Roothoan's eaviier formmalism™,
the matrix SCF equutions, including the off-diagonal Laprange multiplicrs,
arc solved withoul approximation.

.- . : c " 7.+ o

The electronic configuration of the I state is:

Ps ” 2 k4 k! 2
2 202 30‘ 402 502 65° 702 8a” 901 1001 1]14 2"4 2”16

lo
The 1o through 60 and 171 and 211 '0's represent the atomic cores;
i.c., the 1s, 2s, 2p, 3s, and 3p orbitals of Jc and the 1s orhital of 0.
No further reference will be made to these orbitals. The coupling of the
repaining shells is as {follows:

(

) 2 "2 - o
l70280“ %0 (%5100 (%0 3z+]|§n3(‘n)4n°( m; 3| 182¢% )} UL

The SCF wave function {or the configuration described chove is invariant
under a witary transformation of the 90 and 10c orbitals. A unique

choice of these orbitals was made by setting the off-diagonal Lagrange
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miltipliors EQJ’]OJ = r]UJ,QJ = 0, This is cquivalent to the usual choice
of canmonical SCF orbitals for closed shclls]1.
SCIF caleulations have been perfomed at o internuclcear separations:
R= 3.2 (.2) 4.2; the computed potential cuave 1s given in Figure 1. In
Table 11, we give population analysosl, expectation values of z with
respect to Ye and 0, and orbital encrgies for the 70 through 100, 3w,
49, and 15 orbitals for cach computed internuclear separation., We also give
tetal enerpies, values of V/T, dipcle moments, and the pross atomic popula-
tions, The z-axis is the inrcrﬁuclonr axis and 1s divected from Fe to O,
The calculated disscciation encrgy and ecquilibrium separation for tihe
7.+ . c S :
¥ state are DO = 1.2 ¢V and RQ = 5,73 a.u. The dissociation cnerpy is
coiputed with respect to the restricted Hartree-Fock energies of the neutral
ground state Fe and O atoms. These oncrgioss are B [O(SP)] = 74,8094 a.u.
and E[PO(SU)] = - 1202,4427 a.u,  ‘The minimm of the SCF potential curve for
Fed was determined by making a quadratic fit to the calculated energies for
R= 3.0, 5.8, and 4.0 a,u. A Dunham analysisll of "the potential curve gave

16

W = 589 e ) and w X = 3 an? for ~°0 and SGFC.

e e

Althougn there arc small variations along the curve, the featurcs of the
MO's are very much the same for all the values of R considered. From the
population unalyses and expectation values of : given in Table IT, we
draw the following conclusions. The 70 orhital is almost entirely 0 2s
with a small mixing of basis functions on Fe. The 8s orbital is ~90% O 2po
with- 710% of the charge on Fe; the charge on Ye decreases as the internuclear
scparation decreases. ‘The 9o orbital is almost entirely 3do on Fe. The 100
orbital is 80% Fe 4s and ~20% Fe Jps; the negative value of <z> with respect

to Fe shows that the sp hybridization is such that the charge is directed
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away Trom the bond. The 37, 47 and 16 orbitals are non-bonding atomic
orbitals which are respcctivo]f 3dr on ¥e, 2pw on O and 3dé on le.

In sumnary, the charge distribution is nearly that of P and 0 ;
where for le¥ the valence shell structurc (including the 3d shell) is

L : dez 45'8 4ps'2 (GH) and for O, it is chz prﬁ (ZH). The

3do™ 3dn
d-shell electrons of Te' are ¢ upled to SD which is by lhmd's rule the
cnergetically most favorable coupling. We note also that the wave function
has the flexibility to dissociate to the ground states of the separated

Fe and O atoms.

Decks of cards sunmarizing the SCF results, and including, in
particular, the expansion co-efficients for the MO's, have been prepared.
There arc 158 cards for each internuclear separation. Copies of these
decks arc available upon request from the author.
1V, FROZEN ORBITAL RESULTS FOR STATES RELATED TO Hib T} SIATH OF FeO.

If an atomic model of e’ d6 (sp)1 and O p5 is assumed, there are a
large number of ways in which the Fe 3d electrons can be distributed ameng
do, dv, and dS§ and the O 2Zp electrons among po end prm. Fven if we restrict
ourselves to cases wherce the 6 d-electrens are coupled to 5l), there are
still a large number of septet, quintet, and triplet states which can be
constructed. In Table 111, we list all possible septet states and the
S states which can be constructed on this model.

We have used the 7Z+ SCF orbita‘ls13 to construct wave functions for
7Z+, 7 ‘ 52+

- 7
the %, ', and 52+ configurations listed in Table ITI. Yor

’
we have also constructed the nine additional configurations which arise when
the Fe 3d electrons arc not restricted to be couwplied to oD, Clcarly, no

additional septet configurations can be constructed by dropping the

W A 5 . . 6 . . . . .
restriction to "D cowpling for ¥Fe d°. Configuration interaction, CI



calculatiens were then perfovmed using these wave functions,

The oftf-diagonal Hmnjltoniun matrix clements among the configurations
listed in Table T1) (and, in the case of 5X+, between the four configurations
listed and the nine additional ones mentioned above) arve negligible. The
CT cigenfunctions could alwavs be clearly identificd with a single one of
the confligurations listod in Table 11T; the dominant CT coefficient for
these states is always greater than 0,995, Thus the results for these states
are the same as would be obtuined by frozen orbital calculations. (This
was not cxpected before the CT calculations were performed but follows for
the recasons given next.) The off-diagonal matrix elements are small because
of the atomic nature of the M)'s and the sorts of replacements allowed between
the configurations. 1In brief, these off-diagonal matrix elements involve
only two center integrals between MO's which are essentially centered on Fe
or on 0. ‘The exchange-type integrals, [FFe0|Fe0], arc small because the over-
lap between the Fe and 0 orbitals is small. The Coulomb-type integrals,
[Fele |0 0], are small because the angular factors involved are such that the
integrals represent high ovder multipole interactions. There are large
interactions among some of the additional 52+ configurations, However, the
lowest CT cigervector significantly involving one of these configurations

5

is the forth rcot of the °r' CI and is n2.5 oV above the lowest 52+ root;

thus these states arc not of particular interest.

7 7

The calculated potential curves for all the Z+, %, and 7H states
and for the lowest two of the SZ+ states arc given in Figurc 1. The CI
results {for the lower 7Z+ state (configuration 1 of Table III) are the séne
as the SCF results to eight significapt figures. The curves for the remain-
ing elecven 5?+ states are not bound with respect to separated Hartree-Fock

atoms and arc above the scale of Figure 1, In Table 1V, we tabulate the
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calculuted Ro and ”e for cach of the states plotted in Figore !, The
cominant configuration in cach of the stutes is also identilied by refercnce
to Table 1TT. The values of RC and % have heen obtained by fitting a
quadratic around the mininum of the curves,  As usnal, Py is defined with
respect to the Hartree-Fock energics of the separated atoms.

For cach symmetry, the lowest state has B, 5.7 aaue and Dy v 1.2 -
1.5 eV, Tt is quite likely that there will be states with values of Ry
and DC close to those found here for the other scptet and quintet symnetyics

- [ I
7ﬂ, SZ , Sﬂ, “A, and 7¢) and possibly also for some of the triplet states

('a,
arising from FcJ[dG(SD)(sp)] and 0.

Of course, a variatiopal treatient of the states listed in Table TV
is likely to change their encrgies. lowever, the point of these frozen
orbital calculations is to show that there are several states of different
symmetrics but similar Re ond Do' Becauac the hinding is almest entirely
ionic and the M)'s cssentially atomic orbitals, it is not likely that the
frozen orbital results would be changed greatly by variational calculations,
V. ESTIMATES OF THE MOLECULAR EXTRA CORKELATICN ENERGY.

The Hartrece-Fock and experimental transition energies and the
correlation energy changes for transitions from atomic Fe to e and 0 to
0 are tabulated in Tabic V. The correlation encrgyv of Fo+(6ﬁ) + O-(zp)
is increased by +0.38 eV with respect to the neutral atoms. Tf we {ollow the
population analvsis given in Table I1 and assunc that Fe' in TeO is 803
Fe' 3d64s(6D) and ~20% Te' 3d64p(6F) then the correlation cnergy is increased
by only +0.23 eV. On the model that the states of FeO considered here are

basically scparated ions; this means that the amount of extra molecular

correlation encrgy is smail and about .2 - .4 ¢V. Thus the computed



dissociation cnergies given in Table IV are likely to be reasonably close
to the truce values. |
V. CONCLUSTONS

Barrow and Scniorlﬁ have suggested that the most likely ground state

.
7X or "I, We believe that we have investigated the possible

for FeO is a
septet configurations fairly carefully and it seems very wilikely that these
disscciation energics can be significantly larper than those given in Table TV,
Brewer and Rwiﬂnhluttl7 have eostimated a value of'lbo = 95 + Kcal/mole
(4.12 = .22 ¢V) for ¥YcO. A very recent thermo-chemica?! value of
DOO = 97 + 3 Keal/mole (4.21 1 .13 eV) has been reported by Ralduccl et ulls.
This scems to rwle out a septet state and in particular a 72 state as the
ground state of ¥FeO.
Several quintet states with structure quite different from the states
considered here have bheen investigated wnd a large €I calculation perfomicd
on a 5t state. Yor the present, we note that assuwning @ dissociation cnergy
of v 4.2 ¢V, then the states considered in this paper will have temm energics
of v 2.7 eV, There are observed states of Foﬂlg, the a, b, and c statces
with temm energies of, respectively, 2.14, 2.22, and 2.79 cV. 1{ the ground
state of FeO is a quintet state, then it is possible to identify the ¢ state
with a quintet state with the structure which we have considered in this
paper. The observed L w, = 540 cm—l for the c state is in keeping with
the shallow curves observiry for the states reported here.
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TASLE 1.

The S10 basiz sct for Tefl,  The wolecular basic sel is formed by
consruci 11 possible ¢, v, and £ basis functions Tron the oa0-
center 2ic ac STO's listed, Fer ecech one center S10, the mrinciple

avanlmy o M, f o value, and exponent e lisied,

Basis Functions Cenlored on fe

ne 4 ne nd 4 "
1s 27.05 2v 23.0294 3d 11.2792  &f
25 23.1917 Zp 13,8404 3d .71556  Af
3s 17.5334% p 9.5 K1 3.123%

3 10.1( 3p 6.2351 3d 1.7031

3s 5,729 3 3.2100
3s 3.6054 an 1.8
as 1.94 40 0.9
13 1.093

Rasis fFunctions Centered on O

ne t n: t nt 4
s 13.36%° 2p 7.6370 3d 4.0
le 7.612 2p 3.4262 3 3.0
2s 6.79%6 2o 1.7424 3 2.0
r43 3.72045 20 8.5G40
2s 1.762 p 4.70L3

Moleculer Basis Set
Conter Hunber of Tunctions per Syreietry
o r é
Fe 21 13

6
0 13 8 3
Total 34 21 9

— e
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TABLE TV,

Values of R, and Dy for Frozen Orbitel Calculalions
on fen. The dominant confiquration for each state
is didentified by reference to the list given in

Table 111.

Symnetry Dominant Re(a.u.) De(eV)
Configuwiation

Tyt * | 3.73 .24
Tyt ? 3.90 -0.66
Ty 3 3.74 1.21
7.

I 5 3.69 1.46
7, 6 3.83 0.79
7. .

I 4 3.72 0.06
oy 10 3.7 1.15
Syt 1 3.71 0.20

*These results arc identical to the SCF results for this state
eiaht sianificant fioures.

to



TAGLE V.

Calculated and Experimente] Transition
Enerotes and Corvelation [nergy Changos

in e ana 0.

Caleulatod ©

Fnoraies are in eV,

Exnerinontal

LE Corvelation

State HF Encrgies nergi
-
Fe 3d0(°D)4s? 0 ll o o oG
: 4 - .
re"3d"(“n)as; B 6.275 7,895 ° 21,623
Fet2d®(Pnyap: OF 10.751 13.101 ° 2,350
0 2p4(3p) 0 0
= ’ 5 2 - A C , b
0 ?p(“p) +0.541 -1.456 +2.006
a. The HF energics are obtained frem numorical Hartiree-Fock calculations

using a program of C. Froese-Fischer,

b. Sece Ref. 14.

c. Sec Ref..15.

See Ref., 7.



R (BOHRS)

Figure 1. roiential curves for several Septet and Quintet States of FeO.

The lower 727 curve is obtained from SCF calculations; the remaining

curves are obtained from frozen orbital calcutations using the /¥ SCF

MO's as duscribed in Sec 11}, The dissociation limit is for the SCF energics

of the ground state Fe and O atoms.
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